Current methods of measuring myocardial blood flow using 133xenon have failed to separate normals from patients with ischemic heart disease at rest. In the present study such a separation was attempted by utilizing pacing-induced tachycardia (PIT) to stress the myocardium. 133Xenon was injected into the left coronary artery to measure blood flow in 27 patients at rest and during pacing-induced tachycardia. Oxygen content was simultaneously measured in the aorta and coronary sinus of 13 
The purpose of this paper is to present data on changes of myocardial blood flow and myocardial oxygen consumption at rest and during pacing-induced tachycardia in patients with and without myocardial ischemia.
Methods
Twenty-eight patients admitted to the Johns Hopkins Hospital for evaluation of chest pain are included in this study. All underwent diagnostic right and left coronary arteriography prior to investigative studies of myocardial blood flow and myocardial oxygen consumption. The nature of the study was explained to each patient and written consent was obtained.
Coronary arteriography and studies of myocardial blood flow were performed by the percutaneous transfemoral approach using Judkins' technic.12 Myocardial blood flow was determined by the selective injection of radioactive 133xenon into the left coronary artery. A Judkins 'left" catheter was used in all cases, since this is a stable catheter which seeks the left coronary artery and does not require the operator to hold it in position. The catheter was not repositioned during the study. The volume of injectate (133xenon and saline) was kept constant at 3 ml. Disappearance of radioactivity from the myocardium was measured with a scintillation counter positioned over the fluoroscopically determined center of the mass of the left ventricle. These radioactive disappearance curves were replotted semi-logaifthmically and flow was calculated in the standard fashion.' Individual flow measurements were completed in 2 to 3 mim, and duplicate measurements, at rest and during pacing-induced tachycardia (PIT), were made whenever possible (22 of 28 patients). disease (at least one major coronary vessel with a 50% narrowing), and cardiomyopathy with normal coronary arteries. Approximately half of the patients with coronary artery disease did not develop an ischemic response to pacing (table 1) .
Results
Of the 28 patients studied, 18 were male and 10 female with a range in age of 36 to 61 years (average age, 47.3 years). Ten patients had documented old myocardial infarction. Five of these 10 patients developed an ischemic response to pacing, and five did not. Two patients had hyperdynamic cardiomyopathy with hypertrophic subaortic stenosis, and one patient had hypodynamic cardiomyopathy of unknown etiology. The remainder of the patients had either typical angina pectoris or chest pain of uncertain etiology.
Cardiac size, as determined by chest x-rays or ventriculography was not statistically different in either group. Heart size was normal in nine of the 11 patients who had an ischemic response to pacing and was normal in 12 of the 17 patients who did not have an ischemic response to pacing.
Ten patients developed an ischemic response (group I) during pacing, and determinations were made during ischemia at the rate attained. Of the seven patients with coronary artery disease who did not develop an ischemic response to pacing, four had documented positive graded exercise tests in our laboratory. Thus these patients were ischemic responders to other forns of circulatory stress. Ischemic changes were produced in six patients at 150 beats/ min, one at 140 beats/min, one at 135 beats/min, and two at 130 beats/min. Twenty-three of the 27 patients studied increased myocardial blood flow during pacing ( fig. 2) . Myocardial blood flow increased an average of 12 ml/min/100 g in nonischemic responders (group II) and 32 ml/min/100 g in ischemic responders (group I). The nonischemic responders had a 20% increase in myocardial blood flow from control values, whereas the ischemic responders increased myocardial blood flow an average of 50% ( fig. 3) Coronary sinus oxygen content was determined in 13 patients at rest and during PIT ( fig. 4) . Four of eight nonischemic responders and three of five ischemic responders increased coronary sinus oxygen content during pacing. The average change was -0.17 vol % for ischemic responders (group I) and -0.46 vol % for nonischemic responders (group II). Coronary sinus oxygen content of ischemic responders (group I) varied little when control values were compared to those during PIT. This minimal variation in group I was strikingly different from the wide variation in the coronary sinus oxygen content of the nonischemic responders (group II). Four of the group II patients increased and four decreased coronary sinus oxygen content during PIT.
Myocardial Arteriovenous Oxygen Difference
Myocardial arteriovenous oxygen (A-V 02) difference was determined in 13 of the 28 patients at rest and during pacing. Myocardial A-V 02 increased 10% (10.9 to 11.7 vol %) in patients with an ischemic response (group I) and 15% (10.1 to 11.6 vol %) in nonischemic responders (group II). When all patients were considered together, the increase in A-V 02 during pacing was statistically significant (P < 0.05). However, no significant difference could be detected between the five ischemic responders (group I) and the eight nonischemic responders ( increased from an average of 6.4 ml/min/100 g at rest to 11.03 ml/min/100 g during pacing (4.63 ml/min/100 g, P < 0.01) in ischemic responders (group I) and insignificantly from an average of 6.31 ml/min/100 g to 8.93 ml/min/100 g (2.26 ml/min/100 g) in nonischemic responders (group II). There were no significant differences between the two groups.
Blood Pressure
Coronary artery blood pressure was recorded in 21 patients at rest and during pacing. In most patients, an increase in mean pressure was noted during pacing. Two of the ischemic responders (group I) and four of the nonischemic responders (group II) had either no change or a decrease in mean coronary blood pressure during pacing. One of our patients (R.M.) developed a marked increase in myocardial blood flow during angina pectoris (76 ml/min/100 g to 152 ml/min/100 g). Unfortunately the records of this patient's blood pressure during angina are unavailable. However, the patient did have an episode of spontaneous angina pectoris later in the study, and blood pressure rose from 86/64 to 120 mm Hg systolic pressure. There was no statistically significant difference in the blood pressure in the two groups, which is consistent with the findings of others. 5 6 Dp/dt was not determined during the course of this study, but tension-time index was measured in 12 patients (four ischemic responders and eight nonischemic responders). All patients had an increase in the tension-time index with pacing whether or not they had an ischemic response to pacing.
There was no detectable statistically significant difference between the two groups. Coronary vascular resistance at resting rate pacing-induced tachycardia. CVR It seems logical to expect that patients with myocardial ischemia produced by pacing would not be able to increase coronary blood flow to balance increased oxygen requirements.
A totally unexpected finding was the significantly greater increase in myocardial blood flow in patients with an ischemic response to pacing compared to that of patients who did not develop an ischemic response. The increased myocardial blood flow in those patients in whom ischemia developed during pacing could in part be related to emotional factors associated with the development of angina pectoris. However, we were unable to detect any of the characteristic effects of excitement. All of our patients were sedated and were unaware of rapid heart action during PIT. Obviously our patients who developed angina pectoris became aware that chest pain was present, but we were unable to detect any real differences in the emotional state of the ischemic responders from that of the nonischemic responders. If any of the patients were hyperventilating during the evaluation, it was not obvious to us at the time.
In most patients, increase in mean arterial pressure, as measured in the orifice of the coronary artery, was noted during pacing. Sowton and associates6 reported that systemic blood pressure slowly increased with increasing heart rate without any sharp increase at the onset of pain. We can confirm these observations and are unable to detect any statistically significant difference in the blood pressure changes in the two groups of patients.
Although excitement with subsequent release of catecholamines cannot be entirely excluded as a cause for the increase in myocardial blood flow in those patients who developed ischemia during pacing, several other explanations may be offered. Another possibility is that the ischemic area does not function normally, and therefore, the surrounding area has to do more work and requires more flow. Rees and Redding2' using 133xenon have shown increased myocardial blood flow in areas immediately adjacent to infarcts of the myocardium in animals. They postulated an increase in oxygen consumption by surrounding nonischemic muscle, which thus has to work harder and contract more vigorously to maintain a reasonable cardiac output.
Either of these explanations could account for our findings of a relatively greater increase in blood flow in patients with an ischemic response to pacing. The field "viewed" by the precordial scintillation detector probably includes the ischemic zone and the normal surrounding areas. If flow in the surrounding normal areas is increased and volume is large relative to the ischemic area, the detector will record more rapid disappearance and hence increased flow will be measured.
